Abstract: A series of molecular-weight-controlled aromatic polyimides based on 4,4'-oxydiphthalic anhydride (ODPA), 1,4-bis(4-amino-2-trifluoromethylphenoxy) benzene (6FAPB) and 4,4'-diaminodiphenylsulphone (4,4'-DDS) were synthesized in the presence of phthalic anhydride (PA) as end-capping agent. The effect of molecular weight on solubility, melt viscosity, thermal and mechanical properties of polyimides was investigated. Experimental results demonstrated that these polyimides have good solubility not only in most of polar aprotic solvents but also in some of common organic solvents, such as DMSO and THF. Homogeneous and stable polyimide solutions with solid content as high as 40-45 wt.% could be achieved. High-quality polyimide films could be obtained by casting the polyimide solutions onto glass plate followed by baking at a relatively low temperature. The polyimide films exhibited outstanding thermal and mechanical properties. The rheological behavior of these polyimides depends on their molecular weight. Adhesive properties of polyimide films bonded to stainless steel were evaluated by lap shear strength (LSS) test. The bonding conditions were optimized with respect to the melt temperature, bonding pressure and time, as well as thickness of the adhesive layer. It is found that the polyimides with moderate molecular weight exhibited better adhesive properties.
Introduction
Aromatic polyimides (PI), due to their outstanding combinations of mechanical and thermal properties, have evoked increasing interest in applications such as composites, fibers, foams, microelectronics packaging and high-temperature adhesives [1] [2] [3] [4] [5] [6] [7] . In 1980s, a thermoplastic polyimide film adhesive, LARC-TPI, was developed by NASA Langley Research Center [8] . Since then, there has been renewal of attention in exploring thermoplastic polyimide film adhesives [9] [10] [11] [12] [13] , which have advantages as follows: adhesives used in form of films are convenient for transfer and use which could be applied in large area bonding [14] . In addition, most thermoplastic polyimides are melt-processable [15] which could avoid the release of the imidization reaction volatiles during the bonding step.
In order to obtain a strong and durable interface, relatively low melt viscosities are required to allow good flow and wetting in a bonding [16] . However, lowering the melt viscosity often leads to the sacrifice of thermal property [17, 18] . Although many reports have been published on thermoplastic polyimide film adhesives, most of their upper use temperatures are below 230 o C, which limits their utility to applications.
In this work, we attempt to synthesize a series of molecular-weight-controlled aromatic polyimides based on 4,4'-oxydiphthalic anhydride (ODPA), 1,4-bis(4-amino-2-trifluoromethylphenoxy)benzene (6FAPB) and 4,4'-diaminodiphenyl-sulphone (4,4'-DDS). The introduction of 4,4'-DDS was supposed to enhance the thermal properties which as a result, increased the upper use temperature of adhesive [19] . The influence of the molecular weight on the rheological behavior, thermo-mechanical properties and adhesive properties is discussed in detail. Moreover, it is well known that the parameters in bonding procedure have great influence on adhesive strength, such as the melt temperature, the bonding pressure and time, as well as thickness of the adhesive layer [20] . However, it is rather surprising that the literature documents have seldom reported systematic approaches to optimize the bonding conditions. In our study, the bonding conditions were systematically researched to obtain the optimization procedure.
Results and Discussion

Synthesis of polyimides
A series of molecular-weight-controlled aromatic polyimides were prepared from ODPA, 6FAPB and 4,4'-DDS in the presence of PA as the end-capping agent via a high-temperature polycondensation procedure as illustrated in Scheme 1. The reaction was carried out in a homogeneous solution with m-cresol as the solvent and isoquinoline as the catalyst. Toluene was employed as the azeotropic reagent to remove the water by-product to ensure the thermal cyclization being processed completely. Scheme 1. Synthesis of the molecular-weight-controlled polyimides.
The semi-rigid dianydried ODPA, flexibel diamine 6FAPB were selected for preparation in order to get the polyimides with good melt flow behavior and without sacrificing their thermo-mechanical properties. In addition, sulfonyl groups were considered to provide high adhesive strength together with high thermo-mechanical properties [21] . The molecular weight was controlled by introducing of monofunctional PA end-capping.
To investigate the effect of molecular weight on solubility, melt viscosity, thermal and mechanical properties, as well as adhesive properties of polyimides, the theoretical number-average molecular weights of these polymers were varying from 10000, 20000, 30000 to 40000 and defined as PI-1, PI-2, PI-3 and PI-4, respectively.
The chemical structure of the polyimides was confirmed by FT-IR spectra ( Figure 1 ). All the polyimides exhibited absorptions around 1782 and 1728 cm -1 (imide C=O asymmetric and symmetric stretching), 1610 cm -1 (aromatic C=C stretching) and 1367 cm -1 (imide C-N stretching). Moreover, the absorptions around 1319 and 1138 cm -1 (sulfonyl S=O stretching) and at 1242 cm -1 (trifluoromethyl C-F stretching) were also detected in the FT-IR spectra of these polymers. The results demonstrated that the polyimides have the expected chemical structures. The X-ray diffraction patterns of these polyimides are shown in Figure 2 , in which no crystalline peaks were observed. It revealed the amorphous nature of these polyimides.] Wide-angle X-ray diffraction curves of polyimides. Figure 3 shows the GPC curves of the polyimides and the data are summarized in Table 1 . The measured number-average molecular weights (M n ) and weight-average molecular weights (M w ) enhanced with the M n T increasing, PI-4 gave the relatively higher M n and M w values (20515 and 33250). There was no clear trend in the polydispersity indices (M w /M n ), which were in the range of 1.61-2.07. Therefore, the effect of the molecular weight distribution on the polymer properties could be ignored in this work. It is also found that the measured M n values were lower than the theoretical ones (M n T ). The M n /M n T ratios decreased from 0.96 for PI-1 to 0.51 for PI-4, implying the molecular weights of the polyimides did not grow as expected. This may be related to the high electronegative sulfonyl substituent of 4,4'-DDS, which cause the low nucleophilic reactivity of amine. Therefore, the length of polymer chains were shorter than expected, especially for the polymer with relatively high molecular weight.
Tab. 1. Molecular weight of the molecular-weight-controlled polyimides. Figure 4 depicts the dependence of the absolute viscosities of polyimide solutions in DMAc on the solid contents. The absolute viscosities of polyimide in DMAc with 25 wt.% of solid contents were no more than 1000 mPa·s, which exhibited only a slight increase as the solid content increased to 30 wt.%. For the polymer solution with same concentration, it is found that the absolute viscosity decreased with the molecular weight decreasing. Moreover, homogeneous and stable polyimide solutions in DMAc with solid content as high as 40-45 wt.% could be achieved. The good solubility of the polyimides was mainly attributed to the synergetic effects of the bulky trifluoromethyl groups, the flexible ether-bridged segments in the polymer backbone, which induced the decrease of the interaction of polymer chain by increasing the distance of the polymer-polymer chains [22] . The good solubility of polyimides provides them a distinct advantage in processing when they were used as adhesives.
Mechanical properties
High-quality films could be obtained from the polyimide solutions, except that of PI-1, by casting onto glass plate followed by baking at a relatively low temperature. The PI-1 film was too brittle to produce testing specimen because of its limited molecular weight. 
Thermal stability
The thermal properties of the molecular-weight-controlled polyimides were evaluated by DSC, DMA and TGA. From the DSC curves shown in Figure 5 , it is found that the glass transition temperatures (T g ) of these polyimides were in the range of 249-264 o C, which were enhanced gradually with the molecular weight increasing. PI-4 exhibited the highest T g value of 264 o C, which is 15 ºC higher than that for PI-1. The glass transition temperatures of these polyimides were also determined by DMA and the experimental results were summarized in Table 4 . PI-1 was difficult to form film strong enough to prepare the DMA testing specimen. The glass transition temperatures of the polyimide films based on the onset temperatures in the storage modulus and the peak temperature of loss tangent (tanδ) were in the range of 235- C for all the polyimides were higher than 59.3%. As comparing the TGA data of the polyimides, it is also found that PI-4 exhibited much higher decomposition temperature than the others. The better thermal stability of PI-4 can be explained by its high molecular weight. 
Melt processability
For polymers applied as adhesives, proper melt viscosities were required to allow good flow and wetting in a bond. The melt processability of the molecular-weightcontrolled polyimides was investigated by melt rheology. 
Optimization of bonding conditions
It is known that the adhesive properties of polymers are significantly affected by the bonding methods and conditions. The proper rheological behaviour, which affords good wetting and spreading of adhesive, is required for getting strong adhesive joints [20] . The bonding conditions were optimized with respect to the bonding methods, melt temperature, bonding pressure and time, as well as thickness of the adhesive layer. According to the rheological behaviour of these polyimides, bonding temperature was set at 320 o C to ensure the good melt flow. PI-3 was selected for the optimization.
Two kinds of bonding methods are usually applied to prepare adhesive joints. Method A is to put the bonding specimens in the press at room temperature and apply bonding pressure followed by heating the press to the bonding temperature. Method B was to put bonding specimens in the press preheated to the bonding temperature and stabilize for a while followed by applying bonding pressure. Figure 8 shows the LSS values of PI-3 prepared with different bonding methods while bonding conditions were kept at 320 o C for 1 h under pressure of 1 MPa with the bonding thickness of 160 μm. The lap shear strength of adhesive joint obtained from method B was 16.4 MPa, which was two times of the value for joint prepared from method A (7.8 MPa). Figure 9 shows the optical pictures of fractured surfaces of adhesive joints prepared with different bonding methods. It is observed that the better spreading and wetting of the adherence surface was obtained as the joint prepared with method B, in which the bonding specimens were preheated before the pressure applying. Therefore, strong adhesive joints could be obtained. The lap shear strengths of adhesive joints prepared under different conditions are summarized in Table 6 . It is well known that the presence of voids and air between the substrate surface and the adhesive layer will cause some weak interfacial contact areas, resulting in low LSS. Therefore, it is necessary to bond the adhesive joints under pressure, which is also beneficial for the spreading of the melted adhesive and the wetting of the adherend surface. In this regard, bonding pressure is usually applied with 1-3 MPa when using melt-processable adhesives [23, 24] . In order to clarify the dependence of adhesive properties on bonding pressure, the adhesive joints were prepared with method B under the pressure of 1, 1.5, 2 and 3 MPa, respectively. It is found that the lap shear strength increased from 16.4 to 19.12 MPa as bonding pressure enhanced from 1 to 2 MPa (Figure 10 However, the lap shear strength decreased to 15.22 MPa as the bonding pressure rose to 3 MPa. Figure 11 depicts the optical pictures of the fractured surfaces of adhesive joints prepared with different bonding pressure. The better spreading and wetting of bonding surface could be detected as the pressure in the range of 1.5-2 MPa. However, a bonding pressure of 2 MPa is preferred because of better scatter result. The 'flow-out' of adhesive layer could be clearly observed for the joint prepared under 3 MPa, which is responsible for the reduction of adhesive strength. The adhesive strength is also affected by the bonding thickness. The thickness of bonding layer was changed from 80-320 μm by stacking adhesive films together. The adhesive joints were prepared at 320 o C for 1 h under 2 MPa. As shown in Figure 12 , the lap shear strength showed an increase with the bonding thickness varying from 80 to 240 μm, followed by decreasing for 320 μm bonding thickness. The good bonding joint was obtained as the bonding thickness reached 240 μm, which gave the highest LSS value of 21.0 MPa. (Figure 13 ). The PI-3 film exhibited the relatively low lap shear strength as bonding for 0.5 h because of the insufficient time for melt flow and surface wetting. As the bonding time over 1 h, there was no significant change in LSS value. Finally, the optimized bonding condition was determined as follow: specimens with adhesive layer of 240 μm thickness bonding in the press preheated to 320 o C and stabilize for 15 min, followed by applying 2 MPa pressure and keeping for 1 h.
Adhesive properties
The adhesive strength of polymers mainly depends on their mechanical and thermal properties as well as their melt viscosity at bonding temperature. PI-1 was too brittle to form a good adhesive film for preparing the testing specimen. The other polyimide films were bonded to stainless steel upon the optimized condition and their adhesive properties were evaluated by lap shear strength test. It is known that the degradation of polymeric adhesive or the interface may lead to failure at the use temperature [25] . However, these polyimides show retention ratios higher than 66%, because of their good thermal stability with the glass transition temperature (259-264 o C) higher than the testing temperature. All the joints had undergone the cohesive failure, indicating good flow and wetting in bond. PI-3 gave the highest LSS values, which were 21.0 MPa at room temperature and 19.4 MPa at 250 o C. The retention ratio was as high as 92%. It might be associated with the synergetic effect of its good mechanical and thermal properties.
The T-peel strength values of polyimides adhered to aluminum foil and aluminum alloy plate were shown in Figure 15 . PI-2 exhibited the highest peel strength of 2.5 kN/m. With the molecular weight of the polyimides increasing, the peel strength values decreased continuously. This is thought to be related to their melt viscosity. However, PI-1, which had the lowest melt viscosity, gave the peel strength lower than PI-2. It can be interpreted by the brittleness of PI-1 because of its limited molecular weight. Therefore, the results demonstrated that the peel strength of the polyimides is not only depended on their melt processability but also on their flexibility.
Conclusions
A series of molecular-weight-controlled aromatic polyimides based on ODPA, 6FAPB and 4,4'-DDS were synthesized in the presence of PA as end-capping agent. These polyimides have good solubility not only in most of polar aprotic solvents but also in some of common organic solvents to afford homogeneous and stable polyimide solutions with solid content as high as 40-45 wt.%. Strong and flexible films could be produced by casting the polyimide solutions onto glass plate. These films exhibited outstanding thermal and mechanical properties with the glass transition temperatures in the range of 249-264 o C and the tensile strengths higher than 92.5 MPa. The rheological behavior of polyimides depends on their molecular weights. Adhesive properties of polyimide films bonded to stainless steel were evaluated by lap shear strength (LSS) test. The bonding conditions, including bonding pressure, bonding thickness and bonding time were systematically optimized, the polyimide films exhibited excellent lap shear strength upon the optimized condition. PI-3 with molecular weight of 30000 exhibited the best adhesive properties, which gave the lap shear strengths of 21.0 MPa at room temperature and 19.4 MPa at 250 o C. The peel strengths of these polyimides adhered to aluminum foil and aluminum alloy plate were in the range of 1.7-2.5 kN/m, which not only depended on their melt processability but also on their flexibility. 
Experimental part
Polyimide Synthesis
The molecular-weight-controlled polyimides were synthesized from ODPA, 6FAPB, 4,4'-DDS and PA via a high-temperature polycondensation procedure in m-cresol with toluene as azeotropic agent and isoquinoline as catalyst. The polymers were synthesized with the theoretical number-average molecular weights (M n T ) of 10000, 20000, 30000 and 40000 by controlling the concentration of monomers and endcap. In a typical experiment, polyimide (PI-1) with M n T of 10000 was prepared with the following procedure. 6FAPB (21.42 g, 50.0 mmol), 4,4'-DDS (12.42 g, 50.0 mmol) and m-cresol (300 mL) were placed in a 1000-mL three-necked flask equipped with a mechanical stirrer, a thermometer, and a Dean-Stark trap topped by a condenser. The mixture was stirred at ambient temperature for 1 h until the aromatic diamines was completely dissolved to give a homogeneous solution. Then, ODPA (29.12 g, 93.88 mmol) and end-capping agent PA (1.81 g, 12.24 mmol) were added followed by addition of m-cresol (233 mL) to resulting in a reaction mixture with 10 wt.% of solid content. After the mixture was stirred in nitrogen at ambient temperature for 1 h, the azeotropic agent toluene (25 mL) and six drops of isoquinoline as a catalyst were added. The reaction solution was gradually heated to 180 o C and maintained at the temperature for 12 h with stirring, in which the water evolved in the procedure of imidization was removed simultaneously by azeotropic distillation. After the thermal imidization reaction was completed, the reaction solution was cooled down to room temperature followed by being poured into excess of ethanol with vigorous stirring to precipitate the polyimide resin. The white precipitate was collected by filtration, washed thoroughly with ethanol and water, and dried at 100 o C for 2 h to remove most of the ethanol. The polyimide resin was completely dried at 200 o C in a vacuum overnight to provide a yellowish white powder of PI-1 (56.75 g, 92.7% yield). PI-2, PI-3 and PI-4 with the different calculated number-average molecular weights were prepared by a similar procedure as described above.
Solution-Cast Polyimide Films
Polyimide films were obtained via the casting of the polyimide solutions onto glass plates followed by baking to remove the residual solvent. In a typical experiment, 15 g of PI-2 powder was dissolved in 35 g of DMAc with stirring to give a homogeneous solution with a solid content of 30 wt.%. The polyimide solution was filtered by an arenaceous funnel and then spread onto a glass plate, followed by thermal baking in an oven using the following procedure: 
Preparation of lap shear strength test specimens
The stainless steel plates (AISI 321, Fe/Cr18/Ni9/Ti) with the size of 100×25×2 mm were used as adherend in this study. The steel plates were polished with a 100 grade emery paper to expose a new chemically active surface and then cleaned with acetone prior to bonding. The lap shear strength test specimens were prepared by inserting polyimide films between the two steel plates. The bonding process was handled in a press. Then, the oven was cooled and the bonded specimens were removed from the frame at room temperature. The bonded area of the joint is 25×12.5 mm (312.5 mm 2 ).
Preparation of peel strength test specimens
The T-peel strength test specimens were prepared by bonding aluminum foils to aluminum alloy plates (LY 12-CZ) with the size of 200×25×2 mm. The aluminum foils and aluminum alloy plates were immersed in sodium dichromate/sulfuric acid solution at 60-70 o C to deoxidize followed by rinsing with deionized water and dried in oven prior to bonding. The peel strength test specimens were then coated with polyimide solution (30 wt.% in DMAc) and dried in an vacuum oven at 200 ºC. After that, the specimens were bonded in the horizontal direction with the overlap area of 180×25 mm. The bonded specimens were placed in a hot press preheated to 320 o C and kept for 1 h under 2 MPa pressure.
Characterization and measurements
Infrared spectroscopy spectra (FT-IR) were recorded on a Bruker Tensor 27 Fourier transform spectrophotometer. Wide-angle X-ray diffraction (XRD) measurements were conducted on a Rigaku D/max-2500 X-ray diffractometer with Cu/Kα radiation, operated at 40 kV and 200 mA. The number average molecular weights (M n ) and polydispersities (M w /M n ) were determined by gel permeation chromatography (GPC) on a Waters GPC system equipped with a Waters 1515 HPLC pump, a Waters 2414 differential refractometer, and three Styragel columns of HT-3, HT-4, and HT-5, using THF as the eluent at a flow rate of 1.0 mL/min at 35 o C. The system was calibrated using a series of monodisperse linear polystyrene standards. Differential scanning calorimetry (DSC) was performed using a TA Q100 thermal analyzer in nitrogen. Glass-transition temperatures (T g ) were determined from the endothermic peak in the second heating run of the DSC curves at a heating rate of 10 o C/min. Thermal gravimetric analysis (TGA) was performed on a TA Q50 thermal analyzer at a heating rate of 20 o C/min in nitrogen atmosphere. Dynamic mechanical analysis (DMA) was carried out in air using a TA Q800 thermal analyzer at a heating rate of 5 o C/min from 50 to 300 o C and at a frequency of 1 Hz. A film tension mode was employed and the specimen size was 25.0×6.5×0.06 mm. The storage modulus (E') and tangent of loss angle (tanδ) were obtained as the function of scanning temperature.
Rheological measurements were conducted on a TA AR2000 rheometer. The specimens were prepared by the press molding of vacuum-dried polyimide powder at room temperature into the compact discs with 25 mm diameter and 1.2 mm thickness. The measurements for the compacted resin discs were performed using a parallel-plate fixture by flow mode at a fixed shear stress of 10000 Pa. respectively. The mechanical properties were performed with the specimens of 120×10×0.8 mm and tested at a drawing rate of 2 mm/min. Lap shear strength specimens for testing at elevated temperatures were allowed to equilibrate for 5 min at the temperature prior to testing. The crosshead speed was set to travel at a rate of 5 mm/min. The peel strength was tested at room temperature with a crosshead speed of 100 mm/min. These measurement results were determined by the average value of five specimens for each test condition.
